The interfacial structure and phase diagram of a micellar solution formed by the three block copolymer (EO 20 -PO 70 -EO 20 ) also known as P123 solved in deuterated water close to a solid boundary is investigated with respect to temperature. We find a hysteretic behavior of the d-spacing of the micellar crystal and a spontaneous change in the lateral correlation length going hand in hand with a structural reorganization between cubic and hexagonal. The phase transitions may be initiated by a change in the shape of the micelles from spherical to elongated together with a minimization of the polymer water interface.
Introduction
Downsizing technology implies structuring materials on mesoscopic length scales. For a surface this can be achieved by lithographic techniques 1 or self-assembly 2,3 . The latter can be used for three dimensional materials, such as photonic crystals, as well. In order to tailor specific properties of these materials and to optimize their performance a detailed understanding of the underlying physics is desirable. Additionally, from a fundamental point of view, micellar self-organization offers a model system to understand phase transitions in weakly interacting systems 4 . In this context amphiphilic block copolymers are of great interest since they have a strong tendency to phase separation. This is related to the relatively weak interaction potential which is on the order of k B T at room temperature 5 . The interaction between molecules or even parts of the molecules with a solvent can be tuned continuously by e.g. varying temperature or pressure. Phase separation may result in agglomerates of molecules called micelles of different size and shape. Reaching a critical volume fraction the micelles crystallize in various structures and show complex phase diagrams. Neutron scattering is a well-established technique for the investigation of soft matter systems 6 . The remarkable sensitivity of neutrons to light elements and, in particular, the distinct scattering properties of the two hydrogen isotopes 1 H and 2 H offer the possibility of contrast variation when replacing normal water by heavy water as solvent. Mesoscopic structures can be explored by small angle neutron scattering (SANS). For micellar systems the structural arrangements 7-11 as well as the form factor of the micelles [12] [13] [14] have been extracted and phase diagrams with respect to temperature and concentration have been established 15, 16 . By the use of a grazing incident beam geometry SANS experiments can be tuned to become surface sensitive in order to investigate the influence of a confining boundary 17, 18 . We have shown that the symmetry of the unit cell as well as texture and the crystallite size in micellar systems can be investigated by grazing incidence small angle neutron scattering (GISANS) 19, 20 . For similar copolymer systems we found a distinct hysteresis in the crystalline structure depending on either heating or cooling the sample 21, 22 . In the present work we relate this hysteresis to in-plane correlations investigated via Rocking scans and to the d-spacing along the surface normal. Our results are sown in comparison to experimental and theoretical phase diagrams presented earlier.
Sample
The sample under investigation is the tri-block copolymer Pluronic P123 which consists of a central part of 70 propylene oxide units terminated by two end groups of 20 ethylene oxide units (EO 20 -PO 70 -EO 20 ). At low temperatures PPO and PEO show good solubility in water. With increasing temperature the PPO undergoes conformational changes towards lower polarity resulting in a loss of hydration of the polymer chains in water 24, 25 . On the contrary the PEO blocks maintain their hydrophilicity across a broad range of temperatures. Providing a sufficient polymer concentration and above the critical micellization temperature, these different preferences of the polymer blocks drive the macromolecules to aggregate into micelles with a hydrophobic core (PPO) surrounded by a more hydrophilic shell (PEO) 16 . If the critical volume fraction is reached, these agglomerates may assemble into crystalline structures 15 . The phase diagram of P123 (see Figure 1 ) with respect to temperature and concentration was established in Ref. 15 and exhibits a cubic and a hexagonal phase for the micellar crystal. We found that the transition between the cubic and the hexagonal phase shows a pronounced thermal hysteresis 22 . The P123, purchased from Sigma-Aldrich, was used without further purification. The polymer was solved by 28 % in weight in deuterated water for an increased scattering contrast for neutrons (molar ratio equivalent to 30 % P123 in H 2 O) at a low temperature of 6 • C under constant stirring until a homogenous solution was formed. Subsequently the sample was filled into the pre-cooled sample cell in the liquid state (T < 14 • C) to prevent shearing of the crystalline phase. To provide a well-defined interface, a silicon wafer was terminated with a hexamethyldisilazane (HMDS) coating adsorbed from the gaseous phase, resulting in a contact angle to water and air of approx. 75 • . The neutron data have been recorded while heating the sample from 5 • C to 66 • C and subsequent cooling to 5 • C. From rheometry measurements we know that the transition temperature between cubic and hexagonal phase does not depend on the heating and cooling rate.
Experimental details
All measurements were carried out at the reflectometer ADAM at the Institut Laue-Langevin (Grenoble, France) 26 . Figure 2 shows the scattering geometry, schematically. The incident neutron beam penetrates a silicon wafer through the narrow side. After reflection at the solid-liquid interface and scattering at the micellar lattice the intensity is registered by a position sensitive detector. The dashed arrows in the figure symbolize specular reflectivity (incident beam angle equal to the exit beam angle) with information about the density profile along the surface normal. The geometry to access diffuse scattering, providing information on the in-plane correlations in the micellar structure with different incident and exit beam angles, is symbolized by the solid arrows. The scattering geometry is described in Ref. 27 in more detail. The sample was confined in a liquid cell with the surface treated silicon wafer on one side and an aluminum plate on the other. The total sample thickness was 1 mm, however, due to the scattering geometry the neutron beam penetrates only a few tenth of micrometer from the silicon surface into the liquid. The two plates were sealed by a cadmium spacer and temperature control was realized by circulating coolant from a chiller thru an aluminum cooling attached to the silicon wafer. The design of the sample cell is described in Ref. 28 . The incident beam was collimated by slits of 1 mm at a distance of 2102 mm along the horizontal direction resulting in a divergence of 0.057 • (FWHM). However, for an incident angle of 0.9 • the resolution is determined by the sample footprint and is 0.04 • or ∆Q z = 0.02 nm −1 and ∆Q x = 3*10 −4 nm −1 . Along the vertical axis the full profile from the focusing monochromator was used. The wavelength was 0.441 nm. A position sensitive detector (PSD) collected the specular and diffusely scattered intensity. In this way both the depth profile of the scattering length density and the in-plane correlations are probed via neutron reflectivity (Q z ) and diffuse scattering (Q x ), respectively (see Figure 2) . The out-of-plane structures are resolved on a nm length scale, whereas diffuse scattering probes a µm length scale in the plane of the interface along the x-direction 27 . By varying the incident beam angle in the given set-up a depth of up to 50 µm in the sample from the interface is probed. The center of the detector was set to a scattering angle of 1.82 • and fixed during all measurements. Since the PSD at ADAM covers 6 • in scattering angle the specular reflected intensity was always monitored. The incident beam angle was solid-liquid interface 23 . As outlined above, the temperature is changing during one scan by about 2 • C. In addition as seen in Figure 4 the intensity along the Rocking scan is strongly temperature dependent. For example, while heating in the cubic phase the diffuse scattering gets constantly reduced with increasing temperature. This fact can explain the asymmetry in the Rocking scans since the temperature during heating was always lower for smaller Rocking angles. *
Discussion
Figure 5 (upper panel) depicts two Rocking curves taken at 15 • C and 17 • C, during heating, slightly above the crystallization temperature. The two components mentioned above can be separated for the data taken at 17 • C. The triangular symbols in the lower panel depict the intensity of the narrow (specular) component which was extracted by fitting a Gauss function with sloping background taking the asymmetry of the diffuse signal into account. It turns out that the intensity of * From other measurements we know that additional factors like the footprint, the penetration depth or lateral inhomogeneities can affect the symmetry of a Rocking scan.
this peak remains almost unchanged for heating in the cubic phase. Only at 15 • C the intensity of the specular component is increased. However, at this temperature the diffuse scattering, as seen in Figure 5 (upper panel), is narrow, too, with a width comparable to the specular component. Accordingly, the height of the Gaussian line fitted to the data is strongly correlated to the diffusely scattered intensity and the error in the fit, which is usually smaller than the size of the symbols, can be as large as 100 %. The increased intensity at 15 • C relates to the fact that the diffuse and specular peak widths are similar and thus the heights of both peaks can not be separated. This indicates a large in-plane correlation length or crystallite size of more than 20 µm. In the present geometry intensity beyond the sample horizon, marked by the two arrows in the upper panel of Figure 5 , is not accessible. Converting the probed angular range to in-plane momentum transfer Q x results in 6.8 * 10 −3 nm −1 or a length scale of 150 nm. For smaller correlation lengths the peak will partly disappear from the measurement window. This implies that the intensity inside our window is directly related to the coherence of the micellar crystal. Following along this line Figure 5 , lower panel, depicts the integrated intensity † plotted as circles versus temperature. In the cubic phases a distinct decrease of the intensity is visible indicating a decreasing correlation length for increasing temperature. A local minimum can be found at the cubic-hexagonal phase transition in the heating cycle at 46 • C. Further, a reduced intensity mirrors a generally smaller correlation length ‡ in the hexagonal phase compared to the cubic one as well as in the cooling cycle compared to the heating cycle. Figure 6 depicts the Rocking curves taken while heating and cooling for a temperature of 43 • C. Apart from the increased diffuse scattering the sharp narrow specular component is broadened while heating. This is reflected in the FWHM extracted from a fit of one Gaussian function to the data and depicted in the upper right panel. The FWHM is systematically broader during heating. Additionally it turns out that the Gaussian fit has a larger error while heating the sample and the line shape fits worse as seen in the upper left panel representing a zoom into the specular region. The solid lines refer to the fit with one Gaussian line to the data. It can be seen that the fit is less reliable for the data taken during heating since the data actually show two peaks § Q 1 and Q 2 . From the position of the two peaks ¶ a difference in d-spacing along the surface normal † The uncertainty in intensity, assuming the statistical error in the count rate, is smaller than the size of the symbols. ‡ Note: A higher correlation length would result in a reduced diffuse scattering as well but in that case higher intensity would be expected at the specular position. § Note: Both peaks are perfectly described by a Gaussian function assuming the theoretically calculated experimental resolution. ¶ The position has been extracted from the maximum value in the data. The uncertainty in each measured point relating to the statistics in the count rate is of 0.8 nm can be calculated. Our model implies a coexistence of two phases with different lattice parameters, which are both stable rather than a continuous transition from one to another phase.
The colored (darker) symbols in Figure 7 depict the d-spacing, extracted from fitting one Gaussian function with sloping background to the narrow component of the Rocking curves, plotted versus temperature for heating and subsequent cooling. A distinct temperature dependence is found. As a general trend the d-spacing increases with temperature. Nevertheless, smaller than 1 % or the size of the symbols for all data points. An alternative fitting of the data with two Gaussian lines showed a strong correlation between the fitting parameters and did not give more reliable results. The uncertainty in the two Q values is estimated from the increment in the incident beam angle, which is about one fifth of the beam divergence.
we note several remarkable deviations. Between 17 • C and 25 • C the d-spacing of the structure remains almost constant and undergoes a distinct rise when further heating the sample. The d-spacing seems to have a local minimum at both cubic/hexagonal phase transition temperatures in the heating at 46 • C and the cooling cycle at 25 • C. However, since the intensity of the Bragg reflection is small during the reformation of the phases a final prove of this effect would need further more detailed measurements in the respective temperature ranges. During the cooling cycle the d-spacing is higher for the same temperatures. The error in the position of the fit for the cooling as well as for the heating cycle is below 1 % of the value resulting in error bars smaller than the size of the symbols in Figure 7 . Alternatively to fitting one Gauss to the narrow component the two maxima visible in Figure 6 can be determined for each temperature. The two d-spacings extracted in this way and as described above are represented by the light gray circles in the figure. Note, the jump in lattice parameter of 0.8 nm at the phase transition around 46 • C corresponds well to the difference between the two lattice parameters extracted from the double peak.
Our results imply, that the cubic phase is stable for temperatures between 14 and 25 • C. For temperatures in the range from 25 to 46 • C the cubic phase is still present but with a large number of stacking faults and hexagonal domains, which manifest in the broadening of the specular line and the increased diffuse scattering as seen in Figure 6 . At 46 • C the cubic phase turns fully into the hexagonal structure. The coexistence of hexagonal and cubic ordering in a temperature range above 25
• C under heating corresponds well to the phase behavior in the cooling cycle. Coming from high temperatures the sample enters the hexagonal phase at 48 • C and remains in that structure over a broad range of temperature. We note that in this hexagonal phase the width of the specular peak follows the limitations of the given resolution and no double peaks are visible. At 25 • C the sample undergoes a phase transition from hexagonal to cubic stacking. Our results indicate that the hexagonal ordering is the equilibrium structure above temperatures of 25 • C but during the heating cycle the sample gets trapped in the cubic phase since the micelles are sticky and can not rearrange. The equilibrium structure of a thermodynamic system can be calculated by minimizing the free energy, F = U − T S, where U, T and S symbolize the internal energy (including the internal and configurational part), temperature and conformational entropy, respectively. For a system with two components the dimensionless parameter χ measuring the relative importance of the energy of interaction between the two components A Errors are taken from the statistical error of the fitting routine and represent one sigma, 65 % confidence.
1-8 | 5 and B, ε AA , ε BB and ε AB can be introduced:
with z representing the number of nearest neighbors for each species A and B. By taking the interpretation of entropy in statistical mechanics, as a logarithmic measure of the density of states the entropy part in the free energy can be written as
where φ A and φ B denote the volume fraction of A and B, respectively. It has been reported that PEO as well as PPO undergo a conformational change when solved in water and with increasing temperature 24 . As a result the parameter χ changes from values of 0.65 and 1.7 (in units of kT) for PEO and PPO, respectively, at lower temperatures to 5.6 and 8.5 at higher ones 30 . However, the temperature at which this transition occurs is about 15 • C for PPO and 70 • C for PEO. Figure 8 30 of P123 solved in water with a mean field lattice theory including the internal free energy, the configurational energy in the mixed system and the mixing conformational entropy. The theoretically predicted phase diagram is represented in Figure 9 , left panel. A hexagonal phase assuming rods is predicted but the cubic phase is reported to be unstable. In Ref. 30 the modified free energy was calculated for the construction of the phase diagram. Figure 9 , right panel, represents a plot extracted from Ref. 30 representing the modified free energy for different polymer concentrations at a temperature of 29 • C. It turns out that in a wide concentration range the free energy of the cubic and the hexagonal phase is almost the same implying a coexistence of both phases. Moreover, both phases have the lowest free energy in the concentration range investigated in our study, even though Svensson et al. claim that the system should decompose into micelles and lamellas, assuming a linear superposition of these two phases. However, this is not reported experimentally (see Figure 1 ). In the theoretical study just mentioned the free energy was calculated for different structures by assuming a certain configuration and shape of the polymer micelles and the concentration of PEO, PPO and water inside the micelles was calculated. The polymer concentration in the core as well as in the shell increases for higher temperatures 30 and with increasing phase separation the number of molecules per micelle increases 14 . This implies an increasing size of the micelles and results in the larger d-spacing. For dilute systems the micelles additionally undergo changes in shape 15 by accumulating free unimers and with an increasing number of unimers per micelle an ellipsoidal shape becomes more favorable. The change in micellar shape was also reported for bulk samples. It is expected that at a surface ellipsoidal micelles orient with respect to the anisotropy of the solid boundary. For cubic dense packed spheres the relation between the nearest neighbor distance, D MM , and the distance between densely packed planes, d f cc (111) , is:
For densely packed rods, with the long axis parallel to the surface plane 22 , the distance between lattice planes along the surface normal is given by:
and the ratio between the two becomes:
